Recent theories of protein folding suggest that individual proteins within a large ensemble may follow different routes in conformation space from the unfolded state toward the native state and vice versa. Herein, we introduce a new type of kinetics experiment that shows how different unfolding pathways can be selected by varying the initial reaction conditions. The relaxation kinetics of the major cold shock protein of Escherichia coli (CspA) in response to a laser-induced temperature jump are exponential for small temperature jumps, indicative of folding through a two-state mechanism. However, for larger jumps, the kinetics become strongly nonexponential, implying the existence of multiple unfolding pathways. We provide evidence that both unfolding across an energy barrier and diffusive downhill unfolding can occur simultaneously in the same ensemble and provide the experimental requirements for these to be observed.
Recent theories of protein folding suggest that individual proteins within a large ensemble may follow different routes in conformation space from the unfolded state toward the native state and vice versa. Herein, we introduce a new type of kinetics experiment that shows how different unfolding pathways can be selected by varying the initial reaction conditions. The relaxation kinetics of the major cold shock protein of Escherichia coli (CspA) in response to a laser-induced temperature jump are exponential for small temperature jumps, indicative of folding through a two-state mechanism. However, for larger jumps, the kinetics become strongly nonexponential, implying the existence of multiple unfolding pathways. We provide evidence that both unfolding across an energy barrier and diffusive downhill unfolding can occur simultaneously in the same ensemble and provide the experimental requirements for these to be observed.
T
he past decade has seen important advances in both theoretical and experimental studies of protein folding. Statistical mechanical treatments in combination with minimalist models of proteins have led to the introduction of a new view of protein folding that replaces the concept of folding pathways with those of energy landscapes and folding funnels (1) (2) (3) (4) . Whereas the pathway model essentially suggests that each individual protein in a large ensemble follows the same route in conformation space toward the native state, the new view pictures folding as a parallel flow process, in which individual proteins may follow different routes. Almost simultaneously with these new trends in theory, novel experimental methods have been developed that significantly improve the time resolution of kinetics studies, generally by using a short laser pulse to trigger folding or unfolding (5) (6) (7) (8) (9) (10) . These methods allow us to probe the critical early events in the folding process (11) . Although these new developments in theory and experiment represent milestones on the road toward a fundamental understanding of the protein-folding problem, there have been only a few cases of experiments that clearly distinguish between the old view and the new view (12) (13) (14) (15) . As a consequence, significant controversy still exists about the validity of the new view (16) (17) (18) .
The novel aspect of the experiments presented herein is that the relaxation kinetics were studied as a function of the initial conditions (in this study, the initial temperature, T i ) at constant final conditions rather than vice versa, as is the common procedure in folding kinetics experiments in which a change either in temperature or in denaturant concentration is used to shift the equilibrium between folded and unfolded states. Whereas both a landscape model (the new view) and a pathway model (the old view) of folding can account for a dependence of the folding kinetics on the final conditions, that is, through a change of the free energy barrier, only a model that allows for multiple pathways between the folded and unfolded states can explain a dependence on the initial conditions, as will be demonstrated below.
In this report, we explore the complexity of the folding energy landscape of CspA, a predominantly ␤-sheet protein. The structure of CspA has been solved by both x-ray crystallography and nuclear magnetic resonance spectroscopy (19, 20) . It is constructed of five ␤-strands arranged in an antiparallel barrel. An unusual structural feature of CspA is a large, solvent-exposed cluster of aromatic amino acids (21) . Another distinct feature is the ''cap'' formed by a long loop structure that connects each half of the barrel. Cold shock proteins are among the fastest folding proteins discovered thus far. Previous folding studies of CspA and a closely related protein, Bacillus subtilis CspB, show very rapid folding without detectable intermediates (22) (23) (24) .
Herein, we use a laser-induced temperature jump (T jump) to study the unfolding kinetics of CspA. A nanosecond IR laser pulse is absorbed by the aqueous solvent, instantaneously (with respect to the time scales of folding and unfolding) heating the sample by as much as 20°C. The T jump induces a shift in the equilibrium between the folded state and the unfolded state, and the relaxation toward the new equilibrium is monitored spectroscopically. By unfolding, we mean that the equilibrium is shifted toward a more unfolded ensemble. However, depending on the final conditions, the relaxation dynamics contain contributions from both folding and unfolding processes on a microscopic level (25) . We also emphasize that, because folding and unfolding take place on the same energy surface, either folding or unfolding studies are equally well suited to characterize the folding landscape.
The relaxation dynamics are studied by probing the changes in the amide I IR absorbance of the protein backbone. The amide I IR absorbance, mainly originating from the amide CAO stretch vibration, is an established indicator of secondary and tertiary structure because of its sensitivity to hydrogen bonding, dipole-dipole interactions, and geometry of the peptide backbone (26, 27) . This broad (1,610-1,680 cm Ϫ1 ), multicomponent band contains contributions from the entire polypeptide backbone (␤-sheet, turns, random structure). Measurements were performed at 1,623 cm Ϫ1 , at which the absorbance originates from both loop structure and from ␤-sheet structure, and at 1,632 cm
Ϫ1
, at which the absorbance is dominated by ␤-sheet.
Materials and Methods
The steady-state and time-resolved IR spectroscopies have been described in detail elsewhere (10) . Briefly, IR spectra were obtained with a Bio-Rad model FTS-40 Fourier-transform IR spectrometer. In the time-resolved measurements, the probe is a continuous wave lead salt IR diode laser that is tunable from 1,610 to 1,700 cm Ϫ1 . The T jump pulse is generated by Raman shifting the output of a Q switched Nd:YAG laser (SpectraPhysics), operating at 10 Hz, in H 2 . Digitization of the HgCdTe IR detector (Kolmar Technologies, Conyers, GA) signal was performed by a Tektronix 7612D digitizer. Each experiment has a dynamic range from Ϸ20 ns (limited by the detector rise time and laser pulse width) to Ϸ1 ms (when the solution starts to cool). The sample preparation has been described in great detail elsewhere (24) .
The presence of protein aggregates at any temperature studied was excluded, based on the following arguments. (i) The IR signature of aggregates is well documented, namely, two sharp bands at 1,618 and 1,685 cm Ϫ1 . On the basis of this fact, aggregation was observed only after prolonged (several days) exposure to high temperatures. (ii) The amide I spectrum of the protein was not affected by a temperature cycle from room temperature to 90°C and back. (iii) Aggregates act as nucleation sites for the formation of T jump-induced solvent cavities, which can be easily detected as a decreased absorption of the sample on the microsecond time scale because of scattering of the probe light. All the data presented here did not suffer from any cavitation artifact. (iv) Because aggregation generally occurs on very long time scales compared with the T jump duration, reversible aggregate formation is unlikely to occur on the time scale of our experiment. Fig. 1 shows kinetics traces for three T jumps, with the same final temperature, T f , of 80°C, but with a different T i , recorded at 1,632 cm Ϫ1 . Fig. 1 Inset shows a steady-state melting curve recorded at the same frequency. The relaxation kinetics for the smallest T jump of 12°C are reasonably well fitted by a single exponential, indicative of a simple two-state mechanism. However, for larger T jumps, the kinetics are clearly nonexponential, and the overall decay becomes faster with decreasing values of T i . Furthermore, with decreasing T i , the kinetics become increasingly nonexponential. Finally, nonexponential kinetics are observed only above a certain magnitude of the T jump, ⌬T, of approximately 12°C. For smaller values of ⌬T, exponential kinetics are observed, and there seems to be no dependence on T i . Most decays can be equally well fitted by a biexponential or a stretched exponential decay function. However, for the most strongly nonexponential decays, i.e., for the largest T jumps, biexponential fits give significantly better results. Table 1 shows the fit parameters for exponential, biexponential, and stretched exponential fits of the data shown in Fig. 1 .
Results and Discussion
For comparison, Table 1 also shows the results of fits to kinetics traces with a T f of 71°C, again recorded at 1,632 cm Ϫ1 . These data should be treated with caution for two reasons. First, for a T f of 71°C, the kinetics are substantially slower than for a T f of 80°C. Consequently, the cooling of the sample, which starts at approximately 0.5 ms, interferes with the relaxation kinetics. Consequently, the value of a quantitative analysis of the data is questionable. Second, as opposed to a T f of 80°C, at which the final state has the dominant fraction of the ensemble in the unfolded state (which can be deduced from the melting curve shown in Fig. 1 ), for a T f of 71°C, the final state still has a significant fraction of the ensemble in the folded state. Therefore, for a T f of 71°C, the relaxation kinetics contain both contributions from folding and unfolding processes, which make interpreting the results much more difficult than for a T f of 80°C, at which only unfolding processes contribute to the relaxation kinetics. The data for a T f of 71°C differ from those with a T f of 80°C in two ways. First, even for values of ⌬T below 12°C, the kinetics are slightly nonexponential. Second, for T jumps above 12°C, the kinetics are more strongly nonexponential for a T f of 80°C than for a T f of 71°C. Further studies will have to show whether these differences are caused by sample cooling during the relaxation or by contributions from folding processes. However, judging from the overall decay rate as measured by a fit to a single exponential, the behavior is identical, i.e., no change in the kinetics for values of ⌬T below 12°C, above which a strong increase in the relaxation rate occurs. To avoid the aforemen- Kinetics traces, i.e., the IR absorbance as a function of time, for T jumps from 60, 64, and 68°C (from bottom to top), all to a T f of 80°C, recorded at 1,632 cm Ϫ1 . The solid lines through the data are fits to a double exponential for T i ϭ 60°C and Ti ϭ 64°C and to a single exponential for Ti ϭ 68°C. The dashed lines through the data for T i ϭ 60°C and Ti ϭ 64°C are fits to a single exponential. The data for all T i were also fitted to a stretched exponential function (fits not shown). All fit parameters are shown in Table 1 . (Inset) Melting curve, i.e., the IR absorbance as a function of temperature, recorded at 1,632 cm Ϫ1 . The absorbance is shown relative to its value at the lowest temperature. The solid line through the data is a fit to a two-state model plus a component linear with temperature. The fit yields a melting temperature of 65 Ϯ 1°C. 
tioned complications in interpreting the results for lower T f , from here on, we restrict the discussion to values of T f of 80°C and higher, at which the major contribution to the relaxation comes from unfolding processes, and we have to consider only unfolding pathways to explain the results. Protein-folding experiments and simulations are often interpreted in terms of free energy diagrams such as the one drawn in Fig. 2a (28) . These diagrams plot the free energy as a function of what is usually a loosely defined folding reaction coordinate, herein represented by the symbol x. An example of such a reaction coordinate is the fraction of native contacts. It is important to realize that each point on this coordinate does not represent a unique conformation but rather an ensemble of different conformations that have a common property, for instance, a certain number of native contacts. Because each point on the coordinate represents an ensemble of conformational states, the coordinate corresponds to an entropy [S ϭ k B log N(x), where k B is Boltzmann's constant and N(x) is the number of states] and consequently a free energy, G. Analysis of the temperature dependence of the equilibrium coefficient and of rate coefficients between folded and unfolded states often points to the presence of a transition state ensemble, which is due to an imperfect compensation of enthalpy and entropy along the folding coordinate as shown in Fig. 2b .
The strongly nonexponential kinetics observed for large T jumps are not in agreement with a two-state description of folding along a single coordinate as shown in Fig. 2a . Given that the kinetics are exponential for a small T jump to a given T f , a two-state model cannot explain how the kinetics become nonexponential for a larger T jump to that same T f . Although a multistate model with either on-pathway or off-pathway intermediates could explain the nonexponential kinetics for large T jumps, it is unable to account for the dependence of the kinetics on the initial conditions-in particular, the fact that the kinetics become single exponential and do not depend on T i for ⌬T Ͻ 12°C. To explain the experimental results, we introduce the concept of a two-dimensional free energy diagram such as the one shown in Fig. 2c . The two individual coordinates, x 1 and x 2 , may correspond to the unfolding of different elements of secondary structure or to the unfolding of different domains of the protein. Below, we will present experimental evidence showing that, in this particular case, the two coordinates represent the unfolding of the ␤-sheets and that of the loop structure connecting each half of the ␤-barrel. As such, they may be defined as the number of native ␤-sheet contacts and native contacts in the loop, respectively.
For a T f of 80°C and a T jump of 20°C, a biexponential fit of the kinetics yields unfolding times of roughly 30 s and 0.15 ms. This large separation in unfolding times suggests that, while some protein molecules in the ensemble need to cross a free energy barrier on their way toward the unfolded state, others may proceed downhill. On a two-dimensional free energy surface, such a scenario is possible if unfolding could start from different points on the surface as indicated in Fig. 2c . The problem with this interpretation is that unfolding, by definition, starts from the folded state, which would make such a scenario highly unlikely. However, the free energy surface changes with temperature, and herein, we also suggest that the position of the folded state shifts as a function of temperature. Fig. 3 shows schematic representations of the free energy surfaces at different experimental temperatures in a way that explains all the experimental observations. Fig. 3a illustrates the case of a large T jump, i.e., one with ⌬T Ͼ Ͼ 12°C, and Fig. 3b illustrates the case of a small T jump, i.e., one with ⌬T Ͻ 12°C. We emphasize that these surfaces are meant only to be considered as illustrative. They contain only the minimal amount of detail necessary to explain the experimental results. The true energy landscape is highly dimensional, and it is likely that future experiments will require additional reaction coordinates to model this complexity adequately.
If the difference between the position of the folded state at the T i and the T f is large enough (i.e., for a large enough T jump), then immediately after the T jump, the folded ensemble is on a metastable part of the energy surface. From this point, there are two possible scenarios, as indicated in Fig. 3a . The first is to descend into the well of the folded state on the final surface and, from there on, to attempt to cross the barrier to the unfolded state. This part of the ensemble accounts for the slow part of the relaxation kinetics. The other possibility is to proceed diffusively toward the unfolded state. This barrierless pathway is responsible for the fast part of the relaxation. Fig. 3b illustrates what happens for a T jump smaller than the ''threshold value'' of 12°C. If the distance between the folded states on the initial and the final surface is small enough, that is, smaller than the width of the folded state, then the folded ensemble is on a steep enough part of the energy surface to let all of the population relax back into the folded well on the final surface before crossing the barrier. There are three observations that strongly support our interpretation in terms of the free energy surfaces of Fig. 3 .
(i) A major experimental clue is the previously mentioned existence of a threshold value of ⌬T to observe the fast phase in the kinetics. To direct any population along the diffusive pathway, the minimum of the folded well on the initial surface must be located outside of the folded well on the final surface. Therefore, a minimum distance between the folded states on the initial and final surfaces-and consequently a minimum value of ⌬T-is required for diffusive unfolding to occur. This concept is illustrated in Fig. 4 .
(ii) For all T f , biexponential fits of the data give a time coefficient for the slower phase that seems to be independent of T i and that, within experimental error, is equal to the time constant of the single exponential that is found for small T jumps (see Table 1 ). This observation suggests that, for any T jump measured in this study, a substantial fraction of the ensemble relaxes back into the folded state on the final surface. This fraction of the ensemble will need to cross the free energy barrier toward the unfolded state and yield a contribution to the kinetics (the slow phase) that is independent of T i .
(iii) The most compelling evidence for the shift in the folded state required to produce the multiple-pathway model presented in Fig. 3 comes from the IR kinetics and steady-state Fouriertransform IR data recorded at 1,623 cm Ϫ1 . Fig. 5 shows a kinetics trace for a T jump from 60°C to 79°C, recorded at this frequency. Fig. 5 Inset shows the melting curve recorded at the same frequency. A large-amplitude ultrafast kinetics phase, not resolvable with the time resolution of our experimental setup, is observed at this wavelength, in addition to the slower, microsecond process that dominates the kinetics measured at 1,632 cm Ϫ1 . The ultrafast kinetics phase most likely arises from the relaxation within the folded well as indicated in Fig. 4 . In fact, a small amplitude ultrafast phase is also present in the kinetics data recorded at 1,632 cm A cross section of the free energy surface of Fig. 3 along the coordinate x 1 on which the shift of the folded state occurs. The upper curve shows the folded state at the T i of a T jump experiment, and the lower curve shows the folded state at the T f. If the distance between the minimum of the folded state at the T i and Tf is smaller than the threshold value, ⌬xmin, then the ensemble is on a steep enough part of the surface to direct all of the population toward the folded state on the final surface. Therefore, a minimum value of the T jump exists to direct any population along the alternative diffusive pathway. equilibrium melting curves measured at these two wavelengths. A strong component linear in temperature is observed at 1,623 cm Ϫ1 because of a noncooperative structural transition. The pure temperature dependence of the amide I band is small, and thus the strong linear dependence shown in Fig. 5 is due to a structural transition. A similar linear component is observed at 1,632 cm Ϫ1 but with a substantially smaller amplitude. The relative amplitudes of the nanosecond and microsecond kinetics phases at the two wavelengths are equivalent to the relative amplitudes of the linear and cooperative components of the equilibrium melting curves at the corresponding wavelengths.
The experimental observations require the existence of at least two spectrally distinct but overlapping components of the amide I band, as illustrated in Fig. 6 . The two components correspond to different structural elements of the protein that have very different kinetic and equilibrium melting behavior. The 1,623 cm Ϫ1 band gives rise to the ultrafast kinetics phase and the linear contribution to the equilibrium transition, whereas the 1,632 cm Ϫ1 band yields slower kinetics and a sharp, cooperative melting curve. These different spectral features must arise from different types of secondary structure of the protein. The dominant feature centered at 1,632 cm Ϫ1 arises from ␤-sheet structure, because it is the dominant element of secondary structure of CspA. Also, 1,632 cm Ϫ1 is a typical frequency of antiparallel ␤-sheet structure (26) . The assignment of the spectral feature at 1,623 cm Ϫ1 is less certain. The turn structures almost certainly give rise to a higher frequency amide I component at 1,668 cm Ϫ1 , by analogy to other proteins (26) . The loop structure is the only remaining major structural component of CspA. Fortuitously, CspA contains a single tyrosine residue, located in the loop structure. The tyrosine side chain gives rise to a sharp band at 1,603 cm Ϫ1 because of a ring breathing mode of the aromatic ring. The temperature dependence of this band is exactly analogous to the temperature dependence of the 1,623 cm Ϫ1 amide I component, showing the same strong linear component. We therefore assign the 1,623 cm Ϫ1 band to the loop structure.
The ultrafast component of the relaxation kinetics and the linear contribution to the melting curve are compelling evidence for the shift of the folded state that was required to explain the nonexponential relaxation after large T jumps. These observations are schematically illustrated in Fig. 7 , which shows a contour plot of the free energy surface at the T f . We suggest that the folding and unfolding of the ␤-sheets and the loop structure occur independently along orthogonal coordinates x 1 and x 2 . The noncooperative, barrierless melting of the loop structure causes unfolding to start from a metastable part of the free energy surface for T jumps larger than the threshold value of approximately 12°C, as was illustrated in Fig. 2 .
Our results and conclusions are strengthened by those of Sabelko et al. (15) . They essentially perform a mirror image of our experiment, in the sense that they study refolding kinetics from a cold denatured state as a function of the T f for twodomain enzyme yeast phosphoglycerate kinase and a ubiquitin mutant. First, for ubiquitin, the authors observe an ultrafast phase, indicative of relaxation into the unfolded well, analogous to the relaxation into the folded well observed in our study. Second, they observe fast downhill refolding, under conditions strongly dependent on the T f , analogous to the downhill unfolding observed in our study.
Summary.
Our results show how the detailed structure of the folding energy landscape can be revealed only by studying the complete range of initial and final conditions. A fascinating question is whether multiple folding pathways can be observed as well. Results obtained for T f , at which folding and unfolding contribute in roughly equal amounts to the relaxation kinetics (T f ϭ 60 and 71°C), suggest that such an observation is indeed possible. The implication is that a fast folding pathway becomes available for large ⌬T. However, answering this question with full certainty will require an experiment under conditions in which folding dominates the relaxation kinetics.
We thank J. A. Bailey for technical assistance and K. A. Dill, A. E. Garcia, and J. Onuchic for helpful discussions. This work was supported by the National Institutes of Health. Fig. 7 . A contour plot of the free energy surface of Fig. 3 at the Tf. Indicated are the various relaxation pathways from the starting point (i.e., the folded state at the T i indicated by the white circle) toward the ending point (i.e., the unfolded state at the T f). The coordinates x1 and x2 represent the melting of the loop structure in the cap and the ␤-sheets, respectively. Because these two types of secondary structure correspond to distinct spectral components, the relative contribution of the ultrafast phase and the corresponding linear component of the melting curve depend on the frequency at which the measurement is made.
